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ABSTRACT

Electron paramagnetic resonance (EPR) spectroscopy is used to study the binding of Mn'" ions to a tertiary stabilized hammer-
head ribozyme (tsHHRz) and to compare it with the binding to the minimal hammerhead ribozyme (mHHRz). Continuous wave
EPR measurements show that the tsHHRz possesses a single high-affinity Mn" binding site with a Ky of <10 nM at an NaCl
concentration of 0.1 M. This dissociation constant is at least two orders of magnitude smaller than the K, determined previously
for the single high-affinity Mn"' site in the mHHRz. In addition, whereas the high-affinity Mn" is displaced from the mHHRz upon
binding of the aminoglycoside antibiotic neomycin B, it is not from the tsHHRz. Despite these pronounced differences in
binding, a comparison between the electron spin echo envelope modulation and hyperfine sublevel correlation spectra of the
minimal and tertiary stabilized HHRz demonstrates that the structure of both binding sites is very similar. This suggests that the
Mn" is located in both ribozymes between the bases A9 and G10.1 of the sheared G - A tandem base pair, as shown previously
and in detail for the mHHRz. Thus, the much stronger Mn" binding in the tsHHRz is attributed to the interaction between the
two external loops, which locks in the RNA fold, trapping the Mn" in the tightly bound conformation, whereas the absence of
long-range loop-loop interactions in the mHHRz leads to more dynamical and open conformations, decreasing Mn" binding.
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INTRODUCTION served sequence elements outside of the catalytic core (Fig.
1; De la Pena et al. 2003; Khvorova et al. 2003). In some
sequences, these sequence elements lead to the formation of
two interacting loops at the ends of helices I and II, as
demonstrated by sequence alignments and molecular mod-
eling (Khvorova et al. 2003) as well as fluorescence energy
transfer (FRET) measurements (Penedo et al. 2004). These
additional long-range interactions stabilize the tertiary fold
of the RNA and decrease its requirement for divalent metal
ions. Here we want to investigate whether the presence of
these loops changes the affinity, position, and structure of the
metal(II) ion binding sites in comparison to the mHHRz using
electron paramagnetic resonance (EPR) spectroscopy.

EPR spectroscopy is a technique by which the binding of
paramagnetic metal(I) ions to RNA can be probed in a

The hammerhead ribozyme (HHRz) is a naturally occur-
ring ribozyme that can site-specifically cleave the phospho-
diester backbone of RNA (Gesteland et al. 1999). The mini-
mal hammerhead ribozyme (mHHRz) motif consists of
three helices connected by a highly conserved catalytically
active core of 11 nucleotides at the three-way junction. This
mHHRz can cleave RNA in the presence of high concen-
trations of Mg" (>5 mM) but is inactive under physiologi-
cal salt concentrations. Recently it was shown that the ribo-
zyme becomes catalytically active at salt concentrations as
encountered in vivo (0.1-0.3 mM) by including noncon-
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direct way. Especially modern pulsed EPR methods like
electron spin echo envelope modulation (ESEEM) (Di-
kanov and Tsvetkov 1992) and hyperfine sublevel correla-
tion experiments (HYSCORE) (Benetis et al. 2002) allow
the gathering of information about the type and structure of
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FIGURE 1. Secondary structure of the tsHHRz. The cleavage site is
indicated by an arrow; the interactions between the nonconserved
sequence elements outside of the catalytic core are depicted with the
potential tertiary contacts indicated (Khvorova et al. 2003). The gray
ball denotes the binding site of Mn"' connecting A9 and G10.

surrounding ligands of metal centers, whereas pulsed elec-
tron double resonance (Schiemann et al. 2004) could be
used to localize these metal ions in the global context of the
RNA fold. However, to be able to apply these methods, the
naturally occurring diamagnetic Mg" has to be substituted
by the paramagnetic Mn" (S = 5/2, 1= 5/2) as done in pre-
vious studies on the mHHRz (Horton et al. 1998; Schie-
mann et al. 2003). The catalytic activity of RNA is usually
reduced in the presence of Mn'" despite the fact that both
metal ions have some similar physical and chemical prop-
erties (Feig 2000). However, Mn'" occupies in the crystal
structures of the mHHRz the same binding pocket and
adopts the same structure as the Mg ion (Pley et al. 1994;
Scott et al. 1996).

RESULTS AND DISCUSSION

Quantification of Mn" binding sites

Manganese(II) ions in an aqueous solution give at room
temperature a continuous wave (cw) EPR signal of six lines
due to the coupling of the electron spin S of 5/2 to the >>Mn
nuclear spin I of 5/2. If, however, the manganese ions form
a large asymmetric complex, for example, with a protein or
RNA, the relaxation times increase and the lines broaden
significantly or may even become undetectable (Misra
1996). This effect can be used, as in the case of the mHHRz
(Horton et al. 1998; Schiemann et al. 2003), to quantify the
Mn"" sites in the tertiary stabilized hammerhead ribozyme
(tsHHRz) by monitoring the manganese cw EPR signal in-
tensity while titrating Mn'"" into the ribozyme solution
(pH = 7). The graphical representations of three such titra-
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tions are shown in Figure 2A. One titration was done with
a sample containing 0.1 mM tsHHRz and 1 M NaCl and the
second with a sample also containing 0.1 mM tsHHRz but
only 0.1 M NaCl in the phosphate buffer solution. In the
third case, Mn" was titrated into a phosphate buffer solu-
tion containing 1 M NaCl but no ribozyme for the sake of
comparison.

From the titration of the tsHHRz in the presence of 1 M
NaCl, the binding isotherm in Figure 3A was constructed as
explained in Materials and Methods. The fit of the experi-
mental data with Equation 1 shows that the tsHHRz pos-
sesses in the presence of 1 M NaCl three cooperative Mn"!
binding sites with Kps of 166 uM + 18 uM. Reducing the
NaCl concentration to 0.1 M results in the occupation of
only a single high-affinity Mn" binding site. As can be
nicely seen in the inset in Figure 2A, the EPR signal does not
increase up to a Mn"/tsHHRz ratio of 1:1, demonstrating
that all added manganese ions are, up to this ratio, tightly
bound to the RNA. Due to the obviously very strong bind-
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FIGURE 2. (A) Mn" titration curves of samples containing only
buffer (free Mn"); containing 0.1 mM ribozyme and 1 M NaCl (1 M
NaCl); and containing 0.1 mM ribozyme and 0.1 M NaCl (0.1 M
NaCl). The inset shows a plot of the Mn" EPR signal intensity against
the ratio of ribozyme to Mn" in the presence of 0.1 M NaCl. (B)
Titration of the 1:1 complex of tsHHRz/Mn" with neomycin B.
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FIGURE 3. (A) Binding isotherm constructed from the data in Figure
2 for the tsHHRz in the presence of 1 M NaCl (n=3.1%0.3,
K, =166+18 pM). (B) Binding isotherms constructed for the
mHHRz in the presence of 1 M NaCl (n=1.0+0.2, K, =4.4+£0.5
uM) and for the tsHHRz in the presence of 0.1 M NaCl (n, = 1.0 £ 0.4,
Kp,; = 10 nmol and n, = 16+ 4, K, , = 129 uM + 31 puM), both for
ribozyme concentrations of 1 pM. The circles and squares in the
graphs are the experimental points and the lines correspond to the
respective fits using Equation 1 (A) and Equation 2 (B).

ing, the titrations were repeated for the mHHRz and the
tsHHRz at ribozyme concentrations of 1 uM to reveal dif-
ferences in Kp,. It can immediately be seen from Figure 3B
that the binding of Mn" to the tsHHRz is much stronger
than to the mHHRz. Constructing for both the binding
isotherms and fitting them with Equation 2 yielded for the
mHHRz a single binding site with a K, of 4 uM. This
dissociation constant of 4 uM does not change upon de-
creasing the NaCl concentration from 1 to 0.1 M, whereas
the amount of Mn'"' binding sites increases from 1 to 4
(Horton et al. 1998; Schiemann et al. 2003). The fit of the
binding isotherm of the tsHHRz yields an upper limit for
the dissociation constant of 10 nM (best fit 1 nM) and
16 * 4 low-affinity sites with Kys of 129 pM + 31 uM (Fig.
3B). This shows that the tsHHRz possesses, like the
mHHRz, a single high-affinity Mn" binding site but that the

binding in this site is at least two orders of magnitude
stronger. Intriguingly, this parallels the observation that the
tsHHRz is catalytically active at physiological salt concen-
trations whereas the mHHRz is not (Khvorova et al. 2003;
Penedo et al. 2004). The increase in Mn" binding sites upon
lowering the NaCl concentration is attributed to the de-
crease of the ionic strength of the buffer. In other words, at
high ionic strength, the negatively charged parts of the ribo-
zyme are screened by the sodium ions and Mn" has to
compete with the high amount of monovalent ions for the
binding pockets.

Binding of neomycin B

The extremely strong binding of the single Mn"' prompted
us to investigate whether the antibiotic neomycin B is ca-
pable of displacing it from the ribozyme, as was found for
the single high-affinity Mn"" in the mHHRz (Schiemann et
al. 2003). Figure 2B shows the titration of the tsHHRz/Mn""
complex with neomycin B in the presence of 0.1 M NaCl
(single nM binding site occupied by a single Mn"). If neo-
mycin B would bind to the tertiary stabilized ribozyme and
displace the manganese from its binding site into solution,
the EPR signal intensity would increase with increasing neo-
mycin B concentration. However, it is observed that the
EPR signal intensity does not increase but stays close to
zero, which indicates instead that the manganese ion is not
displaced from the ribozyme. This is supported by the ob-
servation that the dissociation constant for neomycin B is
already in the case of the mHHRz only slightly smaller than
that for Mn"..

One simple reason may be that neomycin B does not
bind at all to the tsHHRz. Another explanation could be
that neomycin B does bind to the ribozyme but with the
positively charged ammonium groups in positions not ca-
pable of competing with the Mn" for the high-affinity bind-
ing site (Hermann and Westhof 1998). This would occur if
the tsHHRz adopted a tighter global fold than the mHHRz,
thereby decreasing the size of the central cavity formed by
the three-way junction where the antibiotic would have to
bind in order to displace the ion (Khvorova et al. 2003).

Pulsed EPR measurements

The relaxation times of the Mn"' center in the single high-
affinity binding site are, at room temperature, too fast to
detect an EPR signal. To overcome this problem and to be
able to gather structural information about this site, the
sample was frozen to 4.2 K. Under these conditions pulsed
EPR sequences like 2D-3-pulse ESEEM and HYSCORE can
be applied. The spectra of both methods are characteristic
for a certain set of hyperfine and quadrupole parameters of
nearby magnetic nuclei, which are in turn very sensitive to
the structural arrangement of these nuclei, as shown for a
wide variety of biomolecules (Prisner et al. 2001).

The 2D-3-pulse ESEEM spectra of the minimal and ter-
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tiary stabilized HHRz are shown in Figure 4. Both spectra
display seven peaks that appear in both spectra at the same
frequencies. The peak at about 4 MHz can be assigned in
both cases to the free Lamor frequency of the sodium ions
in the buffer based on field track experiments and previ-
ously reported data (Schiemann et al. 2003). The intensity
of this peak scales with the concentration of the sodium
ions. The peak at 1.3 MHz corresponds to the free Lamor
frequency of '*N nuclei that are farther away and not di-
rectly bound to the manganese center. This assignment is
also supported by field track experiments. The four peaks at
0.7, 1.9, 2.5, and 4.9 MHz are assigned to a single nitrogen
(nuclear spin I['*N] = 1) coupled to the *>Mn center, as-
suming that only the electronic mg = + 2 <> =4 transition
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FIGURE 4. Skyline projection of a 2D-3-pulse ESEEM-spectrum of
the mHHRz (A) and the tsHHRz (B). Both samples contained 0.2 mM
ribozyme, 0.2 mM Mn', phosphate buffer, and 20% sucrose. The
sample of the mHHRz contained 1 M NaCl while the sample of the
tsHHRz contained 0.1 M. The experimental parameters for the 3-pulse
sequence were as follows: T = 4.2 K, m/2-pulse length = 12 nsec, mi-
crowave attenuation =12 dB using a 1-kW TWT, 7, = 120 nsec,
Tare = 16 nsec, and 7 and T were incremented in 8-nsec and 20-nsec
steps, respectively. The dimensions of the array were 16 by 150 points
for T and T, respectively. B, was set to 3447 G. The shot repetition time
was 20 msec (A) and 40 msec (B) and the number of shots per point
was 50 in both cases.

4 RNA, Vol. 11, No. 1

contributes significantly to the spectrum (Benetis et al.
2002). The three peaks at 0.7, 1.9, and 2.5 MHz are the
nuclear transitions vy, v, and v_ in the mg = —% electronic
manifold of the single nitrogen nucleus and the peak at 4.9
MHz is the double quantum transition vy, in the mg = + %2
manifold of the same nucleus. The v, and v, transitions add
up closely to the frequency of the double quantum transi-
tion v_ in the same electronic manifold, as they should. This
assignment is in agreement with the previously reported
assignment for the mHHRz (Morrissey et al. 1999; Schie-
mann et al. 2003). An isotropic hyperfine coupling constant
A,,, of 2.3 MHz, a quadrupole coupling constant x of 2.9
MHz, and an asymmetry parameter m of 0.4 MHz can be
calculated for the single nitrogen nucleus from the frequen-
cies of these transitions, as explained in detail elsewhere
(Morrisey et al. 1999). These parameters were in the case of
the mHHRz used to determine the structure of the binding
site (Schiemann et al. 2003).

In addition to the earlier reported spectra of the mHHRz,
both spectra show one more peak at ~3.3 MHz, which may
be assigned to a phosphorus (I[*'P] = 14) possessing a hy-
perfine coupling of 5.4 MHz. A phosphorus nucleus with a
hyperfine coupling smaller than the free Lamor frequency
of *'P =6 MHz gives a doublet centered around the free
Lamor frequency and split by the hyperfine coupling. How-
ever, in many cases, as is true here, only the low frequency
line can be observed (Flanagan and Singel 1987; Dikanov
and Tsvetkov 1992). This phosphorous coupling does not
originate from an interaction of the ribozyme-bound Mn**
with the phosphate buffer, since a measurement in Tris-
buffer still shows this peak and it also does not originate
from Mn*" free in solution interacting with the phosphate
buffer, since a control sample of Mn*" in the same buffer
but without the ribozyme shows no phosphate coupling.
Instead the coupling is assigned to the phosphorous of the
phosphate group bound to the manganese. This is sup-
ported by ENDOR experiments of Morrissey et al. on the
mHHRz, who found a phosphorus hyperfine coupling of ~4
MHz (Morrissey et al. 2000) and by density functional
theory (DFT) calculations (Schiemann et al. 2003).

Apart from the assignment it is obvious that the peaks in
both spectra appear at the same frequencies, indicating that
the structure of the high-affinity Mn'"' binding site is very
similar in both ribozymes. It should, however, be noted that
the intensity distribution of the peaks is different in both
spectra. Several reasons could be responsible for that. One
might be the different salt concentrations, which also lead
to different relaxation times; another could be a slightly
different structural arrangement.

In a second step the HYSCORE spectra in Figure 5 were
acquired to further elucidate the similarity between both
binding sites. On the diagonal both spectra exhibit peaks at
0.7, 1.9, 2.5, and 4.9 MHz. The peak at ~4 MHz on the
diagonal of the mHHRz spectrum originates from the so-
dium ions, which is not present in the tsHHRz spectrum,
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FIGURE 5. The (+,+) quadrants of the HYSCORE spectra of the
high-affinity Mn"" binding sites in the mHHRz (A) and the tsHHRz
(B). The samples contained 0.2 mM ribozyme in phosphate buffer
with 20% sucrose and 1 M NaCl (A) and 0.1 M NaCl (B). The pa-
rameters for the pulse sequence were as follows: T = 4.2 K, /2-pulse-
length = 12 nsec, w-pulse length =24 nsec, microwave attenua-
tion=12 dB using a 1-kW TWT, 7=136 nsec, t, ., =16 nsec,
) stare = 28 Dsec, and t; and t, were incremented in 20-nsec steps. The
dimensions of the array were 150 by 150 points for t, and t,. B, was
set to 3447 G. The shot repetition time was 20 msec (A) and 40 msec
(B). The number of shots per point was 15 in both cases.

due to the smaller sodium ion concentration. In addition
both spectra display the expected cross-correlation peaks at
(2.5;4.9)/(4.9;2.5), (1.9;4.9)/(4.9;1.9), and (0.7;4.9)/(4.9;0.7).
The cross-correlation peaks at (0.7;4.9)/(4.9;0.7) are weak in
the case of the tsHHRz. Using longer pulses increases the
intensity of these peaks but reduces the intensity of the
others. Intensity between these peaks is due to the anisot-
ropy of the couplings and peak shapes. The observation of
all four cross-correlation peaks supports the assignment of
the peaks to a single nitrogen nucleus. Furthermore, the
similarity between both spectra underlines that both high-

affinity binding sites are structurally very similar if not iden-
tical. This prompts the idea that the metal ion is bound at
the same site in both ribozymes, which would be the G10.1
base of the sheared tandem base pair G- A, as has been
proved by pulsed EPR studies in combination with density
functional theory calculations (Schiemann et al. 2003) and
site selective '°’N-labeling (Vogt and DeRose 2003) for the
mHHRz. This site was also found to be occupied in the
crystal structure of the mHHRz (Pley et al. 1994; Scott et al.
1996). The final evidence that both binding sites are iden-
tical will be made by ’N-labeling of the G10.1 base in the
tsHHRz.

Since the binding sites seem to be the same, one wonders
why the manganese ion is so much more tightly bound in
the tsHHRz. An answer could be based on the different
dynamics of the two ribozymes. The tsHHRz is less flexible
than the mHHRz due to the loop-loop interaction that
holds stems I and II in more confined positions. Thus, the
Mn" may be trapped in a conformation leading to the ob-
served tight binding. The mHHRz, on the other hand, could
be capable of adopting higher-energy conformations that
are not accessible to the tsHHRz and that lead to a weak-
ening or loosening of the Mn' binding. This difference in
RNA dynamics is picked up by the cw EPR titrations since
they were performed at room temperature in liquid solu-
tion. In contrast, the pulsed EPR measurements were done
in the frozen state at 4.2 K where also the mHHRz has
relaxed into the low-energy, tight-binding conformation.

Finally, it has been proposed that the metal ion bound at
the conserved sheared G- A tandem base pair is directly
involved in catalysis following a rather extensive structural
rearrangement, since it is localized at ~20 A from the cleav-
age site (Wang et al. 1999). However, the finding that the
structure and site of the high-affinity Mn** binding site
seem to be the same in both ribozymes, whereas the cata-
lytic activity of the tsHHRz is strongly enhanced, supports
instead a role in folding and thus a structural role for this
ion as previously suggested (Hammann and Lilley 2002).
Thus, by stabilizing the RNA fold and forming a tighter
binding site for the A9 metal ion, the loop—loop interactions
enhance catalysis significantly even though the metal ion
does not participate chemically in the catalytic reaction.

MATERIALS AND METHODS

Sample preparation

The ribozyme construct used is depicted in Figure 1. The substrate
strand was protected against cleavage by incorporation of a me-
thoxy group at the 2'-sugar site of the nucleotide C17. The RNA
was obtained gel purified and desalted from Dharmacon. HPLC
analysis showed that the strands were >95% pure. Autoclaved 0.1
M phosphate buffer solutions (pH = 7.0) containing 0.1 M or 1 M
NaCl and 20% sucrose were added to yield final ribozyme con-
centrations of 0.2 mM for the pulsed EPR and 0.1 mM for the
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titration experiments. The RNA concentrations were determined
by UV-vis using the extinction coefficients given in Gray et al.
(1995). For annealing the ribozyme to the noncleavable substrate,
the following temperature program was run: 3 min at 90°C, 5 min
at 60°C, 5 min at 50°C, 5 min at 40°C, and 15 min at 22°C. A
sterilized buffer solution of MnCl, (Sigma) was subsequently
added. Finally, the sample was heated again to 60°C and cooled on
ice to form the tertiary structure. For the pulsed EPR measure-
ments aliquots of 80 pL were transferred into sterilized EPR tubes.
Neomycin B was purchased from Sigma and dissolved in sterilized
phosphate buffer.

cw EPR

cw X-band EPR spectra were recorded on a Bruker ESP300e EPR
spectrometer, equipped with a rectangular TE,, resonator. Titra-
tions of the ribozyme with Mn'" or neomycin B were performed at
room temperature using a sterilized flat cell with a volume of 200
pL. The resulting Mn'" EPR signals were base-line corrected and
doubly integrated and the magnitude of the integral was plotted
against the concentration of added Mn". Binding isotherms for
Mn" were constructed and fitted according to Equation 1 by as-
suming cooperative binding of # sites (in the case of 1 M NaCl) or
to Equation 2 by assuming j classes of n independent noninter-
acting binding sites (in the case of 0.1 M NaCl) to determine the
dissociation constants K, (Horton et al. 1998; Schiemann et al. 2003).

[MﬂH K [MHH ]n
. T bound. ™ ee.
cooperative binding [HHRZ] 1k [Mn_T" 1)
1
with Kp=—
Kp
. . [Mngaund : ni[MnIfee]
non-interacting = 2

[HHRz] ~ &Ky, + [Mnl,]

ree.

Pulsed EPR

Pulsed EPR experiments were carried out on an ELEXSYS E580
pulsed X-band EPR spectrometer from Bruker using a FT-EPR
probehead from Bruker and a cryostat for the temperature range
from 4.2 K to 300 K from Oxford. Further technical specifications
are described in Weber et al. (2002). The pulse sequences used
were as described in Schiemann et al. (2003). An eight-step phase
cycle was used to eliminate unwanted echoes. The acquired time
spectra were treated in the following way: the decay was fitted
exponentially and subtracted, the resulting spectrum multiplied
with a Hamming window function, zero-filling applied, and the
time traces Fourier transformed. The differences between the
HYSCORE and ESEEM spectra reported previously and those
shown here, are attributed to the presence of sucrose, which leads
to a more homogeneous glass and better spectra.
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